Introduction
Theory suggests that populations evolve via random genetic drift, natural selection, and mutation, but that each of these forces is also influenced by gene flow acting mainly to reduce differentiation (Slatkin, 1987) . Early studies of geographical variation in phenotype often assumed that morphology reflected an underlying genetic structure (Mayr, 1942 (Mayr, , 1963 , whereas many recent studies report discordant patterns of genetic and morphological variation in plants (Podolsky & Holtsford, 1995) , fish (Turner, 1974) , insects (Nice & Shapiro, 1999) and birds (e.g. Ball & Avise, 1992; Greenberg et al., 1998) . These studies raise questions about the causes of geographical variation in morphology and role of genetic mechanisms. To address some of these questions we estimated the rate of gene flow and amount of genetic structure in 14 populations of Melospiza melodia (song sparrow) that belong to five subspecies based on external morphology . We also related morphological and genetic divergence to geographical distance and variation in salinity in the San Francisco Bay to explore possible microevolutionary processes underlying the variation observed.
Melospiza melodia is among the most polytypic bird species in world, with 25 diagnosable subspecies . However, studies using mtDNA found no marked genetic structure on a continent-wide scale (Zink & Dittmann, 1993; Fry & Zink, 1998) , despite some evidence of restricted gene flow (Hare & Shields, 1992) and well-ordered geographical variation in morphology (Aldrich, 1984) . These findings led us to examine the potential roles of genetic drift and selection at the local scale by comparing genetic and morphological variation in M. melodia in the San Francisco Bay region, where much work has focused on behavioural, morphological and genetic divergence in this species (Grinnell, 1913; Huxley, 1942; Miller, 1947 Miller, , 1956 Marshall, 1948a,b; Johnston, 1956a,b; Mayr, 1963) . To do this, we employed microsatellite loci useful for genetic assignment in M. melodia (Chan & Arcese, 2002) and detecting fine scale structure in other species (e.g. Paetkau et al., 1995) . We now introduce our study area and species, and our predictions based on an hypothesis of genetic and morphological divergence because of drift in M. melodia.
Three endemic subspecies inhabit tidal marshes in subbays of the greater San Francisco Bay (c. 50 · 100 km): M. m. samuelis (Baird) resides in San Pablo Bay, M. m. maxillaris (Grinnell) in Suisun Bay, and M. m. pusillula (Ridgway) in South San Francisco Bay. A fourth subspecies, M. m. gouldii (Baird) occupies upland surrounding the entire bay, and a fifth, M. m. heermanni, inhabits riparian areas of the Central Valley; meeting M. m. maxillaris at the western edge of its range (Marshall, 1948b) .
Two attributes of M. melodia and the bay region may contribute to microgeographic variation in the species. First, M. melodia inhabit vegetation adjacent to fresh and saline water bodies that may present different selective pressures (Marshall, 1948a; Miller, 1956) . Secondly, the bay region represents a mosaic of isolated habitats, some of which are inhabited by song sparrows (riparian, coastal sage scrub, tidal salt marsh) whereas others are not (dry grassland, open water). Thus, M. melodia potentially exist in the bay area as allopatric populations subject to divergent selection (Marshall, 1948a,b) . In contrast, the young geological age of bay habitats may also limit evolutionary divergence in M. melodia. Seawater entered the Golden Gate about 10 000 years ago (Atwater, 1979) , and the north and east bay and south bay marshes are about 4000-6000 and 2000 years old, respectively . These conditions provide a framework within which drift, selection, and gene flow may facilitate differentiation.
Prior work on phenotypic differentiation in M. melodia has identified several possible mechanisms including (a) drift because of small effective population size (Miller, 1947) , (b) geographical isolation preventing gene flow between populations (Mayr, 1942; Marshall, 1948a) , (c) strong selection favouring differentiation in morphological traits despite high levels of gene flow (Aldrich, 1984; Zink & Dittmann, 1993) , and (d) phenotypic plasticity of morphological traits (Zink & Dittmann, 1993; Smith, 1998) . Overall, theory suggests that the extent of gene flow will affect which evolutionary force predominates. Thus, we expected that if gene flow were highly restricted, genetic neighbourhoods might develop even in continuous habitat and cause differentiation between neighbourhoods because of drift (Wright, 1969 (James, 1982) .
Here, we test the hypothesis that morphological and genetic differentiation in M. melodia occurs via random genetic drift. Divergence at local scales due to drift and small population size has been noted in several species (e.g. Freeman-Gallant, 1996; Angers & Bernatchez, 1998) . Ferrell (1966) also noted that genetic variation in erythrocyte antigen frequencies between San Francisco Bay populations of M. melodia was consistent with an hypothesis of genetic drift. Johnston (1956b) emphasized the potential isolation of bay M. melodia by reporting a median dispersal distance of 185 m, with 81% of birds settling £360 m from their natal territory. Under an hypothesis of morphological and genetic differentiation because of random genetic drift, we expected to find evidence of restricted gene flow, small effective population size, and a pattern of variation in morphology and allele frequency that are correlated with one another but unrelated to geographical distance or environment.
Materials and methods
Birds in 14 populations within the ranges of five subspecies were sampled March-May, 1999, in salt marshes and freshwater riparian areas in the San Francisco Bay region (Fig. 1 ). Adults were captured in mist nets, measured, sampled for blood, and released. Blood was also taken from one nestling in each of 12 nests at Petaluma Marsh (PM). Morphological analyses were based on 257 males sexed using the presence of a cloacal protuberance or heterozygous alleles at z-linked loci. Seven morphological traits were recorded by YC with digital callipers and an electronic balance, including weight (±0.1 g; WGHT), wing cord (±1 mm; WING), tarsometatarsus length (±0.01 mm; TAR), tail length (±1 mm; TAIL), bill length from nares to tip (±0.01 mm; BLGTH), bill width at nares (±0.01 mm; BWDTH), and bill depth as nares to mandibular ramus (±0.01 mm; BDPTH) (Pyle, 1997) . A total of 215 birds from five subspecies and nine populations were used for genetic analysis: MM, LG (M. m. gouldii); PB, DM (M. m. pusillula); PM, SC (M. m. samuelis); GS, RR (M. m. maxillaris); CO (M. m. heermanni). Blood was collected and DNA extracted using standard phenol/chloroform extraction methods (Chan & Arcese, 2002) .
Nine polymorphic microsatellite loci were amplified; five developed for M. melodia (MME 1-3, 7, 8 & 12; Jeffery et al., 2001) , three for other species (ESCU 1, GF 2.35, and PSAP 335 (Hanotte et al., 1994; Petren, 1998; M. Leonard, pers. comm.) . Polymerase chain reaction amplifications were performed with a thermal cycler and the size of products was determined using an Applied Biosystems model 373A sequencer or Li-Cor 4200 DNA analyzer (Chan & Arcese, 2002) . Females were homozygous at the hemizygous, z-linked loci MME 3 and 7 and recorded as having missing data for one allele in analyses with males. All other loci showed Mendelian inheritance (Jeffery et al., 2001) .
Multivariate analysis of morphology and discrimination between subspecies
Principal components analysis of a log-transformed covariance matrix indicated that subspecies could be grouped morphologically. With these groups established, we used multivariate analysis of variance (MANOVA MANOVA) to test for differences between population means. Geographical differentiation was examined by canonical variate analysis (CVA; a multi-group discriminant analysis) of the log-transformed variables using proc DISCRIM and CANDISC in SAS version 6.12 (SAS Institute, 1996) . Significance tests in multivariate analyses depend on assumptions of multivariate normality and homoscedasticity of population variance-covariance matrices (Dillon & Goldstein, 1984) . Multivariate normality was approximated using tests of univariate normality (proc UNIVAR; SAS Institute, 1996) and a subsequent Bonferroni correction for k ¼ 7 tests (Rice, 1989) . Equality of the variance-covariance matrices was tested with Bartlett's modified likelihood ratio test Morrison, 1976) . Reliability of the discriminant function was evaluated using half of the data set to create the function and half to validate it. The results of a genetic assignment test (GENECLASS; Piry & Cornuet, 1999) to assign birds to a subspecies wherein their genotype was most likely to occur facilitated a comparison of our genetic and morphological analyses.
Subspecific and population structure
Nested analysis of variance was used to estimate the contribution of between subspecies, between population, and within population variances to the total variance in morphological traits (proc ANOVA ANOVA; SAS Institute, 1996) .
The contribution of the components to the between group variation was assessed by their F-score (between/ within group variance; Thorpe, 1983) . Degree of genetic differentiation between subspecies and populations was assessed by partitioning the genetic variance (c.f. Weir & Cockerham, 1984) , using Arlequin version 2.00 (Schneider et al., 2000) . Two sets of statistics were calculated, U-statistics that employed differences in allele frequencies only (analogous to F-statistics or h: Weir & Cockerham, 1984) and U-statistics (analogous to R-statistics; Slatkin, 1995) which used an analysis of molecular variance (AMOVA AMOVA) and accounted for variance in size between pairs of alleles (Excoffier et al., 1992) . Estimation of overall population differentiation was calculated as F st and R st . A hierarchical model was used to partition variation into three components: 'within populations' (U ST ), 'among populations/within groups' (U SC ) and 'among groups' (U CT ; Excoffier et al., 1992) . A permutation approach was used to test the significance of the variance components and U-statistics (Excoffier et al., 1992) . In this study, groups represented the subspecies, M. m. gouldii (MM, LG), M. m. pusillula (DM, PB), M. m. samuelis (PM, SC), and M. m. maxillaris (GS, RR; see Fig. 1 for localities and abbreviations). 
Morphological and genetic divergence
Morphological divergence between populations was estimated using Mahalanobis D 2 , calculated between populations in canonical variable space. The squared distance between two groups in variable space can be calculated by their Euclidean or Pythagorean distance; however, this measure does not take into consideration correlations between variables. Mahalanobis distances are normalized by the pooled within-group variance, and were chosen because they incorporate the effects of variable correlations (Campbell & Atchley, 1981) .
Genetic divergence among populations was estimated using Dce, Cavalli-Sforza & Edwards (1967) chord distance. Dce was calculated using GENEDIST (PHYLIP, version 3.57c; Felsenstein, 1995) . Takezaki & Nei (1996) advised that correct tree topology was more likely using a distance measure independent of mutation models. In addition, Dce has low sampling error and makes no assumptions about population size or mutation rates of loci (Takezaki & Nei, 1996) . The magnitude of Dce is not proportional to evolutionary time but resolves close relationships accurately (Takezaki & Nei, 1996; Paetkau et al., 1997; Angers & Bernatchez, 1998) .
Matrix correlations
Associations between morphological, genetic and geographical distance matrices were examined with Mantel (1967) and partial Mantel tests (Manly, 1991) . In addition, a dissimilarity matrix of differences in salinity between sites was used to explore the role of environment in differentiation (Smith, 1999) . Variation in salinity may facilitate selection on physiological traits in M. melodia (Basham & Mewaldt, 1987) , but salinity and vegetation are correlated . Mantel tests use random permutations of matrix rows and columns to test if correlations between distance matrices are greater than expected by chance (Sokal & Rohlf, 1995) . We first compared genetic and morphological distance matrices to each other, and then to geographical and salinity matrices individually. Secondly, partial Mantel tests, which allow multiple matrices to be compared simultaneously, were used to estimate correlations between genetic and morphological matrices, controlling for the effects of geography and salinity. All results are based on the FORTRAN subroutine of (Manly, 1991) , with significance levels adjusted by the Bonferroni correction for multiple tests (k ¼ 6; Rice, 1989) . Distances were standardized to mean zero and unit variance. Significance of coefficients and R 2 was estimated by comparing the distribution of observed values to 1000 other values obtained by random permutation of row and column elements of the dependent matrix. We tested for isolation by distance using the pairwise F st matrix and GENEPOP (version 3.2; Raymond & Rousset, 1995) .
Results

Subspecific and population structure
Our study populations varied markedly in morphology (Table 1) , separated roughly along subspecific lines, and displayed exclusive subspecies centroids (MANOVA MANOVA; P ¼ 0.0001, Wilks' Lamda ¼ 0.0699). Subspecific means for single traits also differed significantly (all P < 0.0001, univariate ANOVA ANOVA, Bonferroni method applied with k ¼ 7 tests). Variance-covariance matrices were similar across groups (Chi-square ¼ 110.83, 112 d.f., P > 0.05). No test for univariate normality rejected the null hypothesis.
'Subspecies' accounted for 74.2% of variance in bill depth, 62.9% of variance in bill width, and about 50% of variance in weight and wing, tail, bill and tarsus length. In contrast, population within subspecies accounted for only 0-5% of variance in weight and wing, tail and tarsus length, and c. 10% of variance in bill width and depth. Overall, 78.0% of birds were classified correctly to subspecies. A plot of canonical axes 1 and 2 revealed the grouping of populations to subspecies but suggested that M. m. maxillaris populations varied more than others (Fig. 2 , canonical loadings Table 2 ).
In contrast to our morphological results, 97-98% of variation in microsatellites occurred within populations, with only c. 1% attributable to subspecies (Fig. 3) . Differentiation between subspecies, U CT , was 0.0137 for the F st analog (P < 0.05) and 0.0174 for the R st analog, and slightly larger than the values between populations, U SC (F st analog ¼ 0.0122; R st analog ¼ 0.00433). As expected by these results, a genetic assignment test identified only 60.2% of birds to subspecies (Chan & Arcese, 2002) .
Comparison of morphology and genetics
We found no strong correlations between morphological and genetic distance matrices (r ¼ 0.12), even after controlling for geographical distance (r ¼ )0.16) and salinity (r ¼ )0.05). We did, however, find positive correlations between genetic distance and geographical and salinity gradients, and between morphological distance and geographical and salinity gradients, although they were not statistically significant after adjusting for the number of tests conducted (Table 3) . These correlations existed even in the absence of a direct correlation between geography and salinity, suggesting that salinity and geography were related independently to patterns of genetic and morphological variation in the study area. Interestingly, our test for isolation by distance showed a lack of isolation across all populations pooled, but strong isolation by distance among tidal salt marsh populations considered as a group (Fig. 4) .
Discussion
We observed strong differentiation in morphology between subspecies of M. melodia in the San Francisco Bay Region, but little differentiation at microsatellite loci. Three quarters of birds were identified to subspecies based on morphology, compared with 60% using genetic data. 'Subspecies' accounted for up to 74% of variance in morphology between populations but only c. 1% of variation at microsatellite loci. Consequently, matrix correlations indicated a lack of concordance between morphological and genetic distance in the bay area.
Many biologists have offered explanations for morphological variation in M. melodia in the bay region (Marshall, 1948a) , including nonadaptive variation because of small effective population size (Miller, 1947) , spatial isolation as a prelude to ecological differentiation (Mayr, 1942; Marshall, 1948a) , and continuing isolation because of habitat selection (Grinnell, 1913; Huxley, (11) PM (14) SC (21) TL (19) SB (15) GS (13) RR (23) PB (23) DM (23) MM (20) TV (15) SP (18) LG (17) CO ( 1942). Marshall (1948a,b) , Johnston (1956a ,b), Ferrell (1966 and Mulligan (1963) each addressed these ideas to some degree, but with equivocal results. We now discuss our results in the context of this earlier work and our own predictions. Our results support Marshall's (1948b) suggestion that morphological variation across populations of M. melodia in the bay region is indicative of recognized subspecies. However, we found little evidence of genetic differentiation and, elsewhere, estimated effective migration rates of up to seven migrants per generation (Chan & Arcese, 2002) . Large effective population size and high mutation rates in microsatellite loci may each have reduced our ability to detect strong evidence of genetic divergence (Nauta & Weissing, 1996) . Overall, however, our results indicate that genetic drift is unlikely to explain the morphological variation observed among M. melodia subspecies in the bay area. Marshall (1948b) also suggested that isolation and restricted gene flow contributed to plumage differentiation in bay M. melodia. In contrast, the lack of concordance between the morphological and genetic traits that we studied suggests that spatial isolation is probably not the main cause of differentiation (see also Ferrell, 1966) . However, our results also suggest that different processes may be at work in marsh and upland habitats. We found marked isolation by distance among tidal marsh populations but no isolation with all populations considered (Fig. 4) . It is possible that a more or less continuous distribution of residential and natural habitats occupied by M. melodia in upland areas of the region facilitates dispersal in birds of upland phenotype. In contrast, if birds of salt marsh phenotype avoid uplands, gene flow may be restricted by the spatial arrangement of marshes. A comparison of dispersal in upland versus bay habitats could test this general hypothesis (e.g. Johnston, 1956a; Arcese et al., 2002) .
It is also possible that allele frequencies at 'neutral loci' will be little affected even as selection drives divergence at heritable morphological traits (Lande, 1980) . Several studies report the heritability of morphology in birds (e.g. Larsson et al., 1997; Merila et al., 1998) , including for traits under selection in M. melodia (Smith & Dhondt, 1980; Schluter & Smith, 1986) . To test indirectly the hypothesis that morphology is under selection in bay M. melodia, we tested for a correlation between environmental variation in salinity and morphology. Salinity affects body condition in M. melodia, and M. m. pusillula, a subspecies tolerant of salt (Basham & Mewaldt, 1987) , is Table 3 Regression coefficients indicate a lack of correlation between morphological and genetic distances (probability Mantel parameter value exceeded in 1000 iterations in parentheses). The relationship between morphological, geographical and salinity matrices and between genetic, geographical, and salinity matrices were positive, but not statistically significant after adjusting for the number of tests conducted.
Morphology
Genetic Geographical *Indicates Mantel parameter value exceeded <50 times in 1000 iterations (P < 0.05) with Bonferroni method applied (k ¼ 6 tests). Fig. 4 Test of isolation by distance shows significant isolation by distance when tidal marsh populations (in black) are considered.
most differentiated based on genetic and morphological traits (Fig. 2 , Table 1 ; Chan & Arcese, 2002) . Morphological and genetic divergence were also related to the salinity of seawater in the San Francisco Bay, which influences the distribution winter food plants for M. melodia Arcese et al., 2002) . It is plausible, therefore, that local variation in salinity, vegetation and food affect the selective landscape to which morphology responds (Schluter & Smith, 1986) . Subspecific variation in morphology in M. melodia may also arise as a consequence of phenotypic plasticity in response to environmental variation. Marked phenotypic plasticity (James, 1982) and weak differentiation at microsatellite loci despite strong differentiation in phenotype has been described in other birds (e.g. Graputto et al., 1998) . Smith (1998) suggested that morphological differences between interior and coastal California M. melodia occured as a developmental response to environmental variation, but Smith & Dhondt (1980) showed by reciprocal transplant within a British Columbia population that wing, tarsus, and bill length and depth were all heritable. Thus, heritable variation in morphology exists in some populations of M. melodia, but phenotypic plasticity can also influence variation among populations in different environments. The lack of differentiation in mtDNA of M. melodia was attributed to the recent divergence of clades and higher rate of evolution in phenotypic than molecular traits (Hare & Shields, 1992; Zink & Dittmann, 1993) . Weak genetic differentiation among populations of M. melodia in the San Francisco Bay area might also be explained by recent differentiation or high current gene flow. We suggest that common garden or reciprocal transplant experiments using morphologically divergent populations are now required to test these hypotheses further.
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